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Summary
The abnormally high concentrations of electrolytes and organic solutes found in the glandular secretions of individuals with cystic fibrosis may arise from decreased water content rather than perturbed solute transport. Thus, it is possible that the abnormalities insolute concentrations are a result of a reduced water movement into the secretory product. It is our hypothesis that if an abnormality exists in the transport of water across secretory cell membranes, this defect may also be expressed in nonsecretory cell membrane permeability to water. We report here osmotic water permeability measurements on red cells and 11 cystic fibrosis patients ranging in age from 2 to 20 years and eight normal individuals. The mean hydraulic conductivity for the patients of 1.23 f 0.13 cm3/dyne sec is significantly less ( P < 0.001) than that of normal individuals who have permeabilities of 1.45 f 0.11 cm3/dyne sec. Analysis showed that the osmotic water permeability correlates well with the Shwachman score ( r = 0.76). Patients who are in the poorest clinical condition show the lowest hydraulic conductivities.
Speculation
The observation that the osmotic water permeability of red cell membranes is decreased in cystic fibrosis and the correlation of the degree of this water permeability decrease with the clinical severity of the disease opens a potentially important avenue for exploring the nature of the defect in this disease. It is likely that many other cell types of the cystic fibrosis patient show this same defect in membrane permeability which may lead to pathophysiologic expression of the disease. If so. it mav be that decreased water permeability of cells is, or is associated with, the basic defect in cystic fibrosis. Further studies are proposed to investigate the nature of this defect and its relevance to the pathogenesis of cystic fibrosis.
Increased levels of electrolytes are found in sweat (7) and other glandular secretions of patients with cystic fibrosis (31. 32) . T o explain these observations, numerous investigators have searched for defects in the membrane transport of ions in cells from patients having this disease. Several early studies reported decreases in the active Na'. K', and/or CaZ' transport ( I ) abnormalities in the Na', K'-dependent and Ca"'-dependent ATPases in erythrocytes from patients with cystic fibrosis (5, 18) . However, more recent studies were unable to confirm these observations and concluded that there are neither abnormalities in sodium, potassium, or calcium transport (10, 1 I, 16, 25) nor the ATPase enzymes which appear to be-responsible for the active transport o i these ions across cell membranes.
Because the abnormally high concentrations of electrolytes and organic solutes (8, 17, 19) found in the glandular secretions of individuals with cystic fibrosis may arise from decreased water content (19) as well as perturbed solute transport, it is equally possible that the abnormalities in solute concentrations are a result of a reduced rate of water movement into the secretory product rather than abnormalities in solute transport.
Consistent with this possibility are the observed decreases in the total volume of pancreatic and intestinal secretions (23. 32) produced by patients with cystic fibrosis as well as elevated organic solute concentrations in the juices (8, 17, 19) . Indeed. some investigators have suggested that the apparently large quantities of mucus found in the pancreatic ductal system of cystic fibrosis patients result from the production of insufficient volumes of aqueous secretion to wash normal quantities of enzymes and mucus from the pancreatic ducts (19) .
Based on this accumulated information, we have studied the osmotic water permeability of erythrocytes from patients with cystic fibrosis. It is our hypothesis that if a generalized abnormality exists in the transport of water across secretory cell membranes of cystic fibrosis patients, this defect might also be expressed in erythrocyte membrane water permeability. It is the osmotic water permeability (Lp), also called the hydraulic conductivity of the cell membrane, that is the particularly relevant measurement because net water movement into or out of the exocrine ductal systems takes place by osmosis through epithelial tissues (24) .
MATERIALS A N D M E T H O D S
The technique we use for measuring Lp has been developed in our laboratory (13) and follows the approach of Sha'afi et al. (27) . The determination is based on the analysis of the rate of cell volume change (shrinkage) induced by mixing the erythrocytes with a hyperosmotic solution of a nonpermeant solute.
The basic equation which describes the rate of change in red cell volume when placed in such an environment can be described by a modification of the equation of Sha'afi et al. (27) of the form where V, = cell volume at time t; V,, = cell volume which is involved in osmotic mechanisms before mixing with hypertonic medium (i.e.. V at time = 0); A = cell surface area, C,,, = osmolality of solution cells are suspended in before mixing; C,, = osmolality of solution cells are suspended in after mixing: R = ideal gas constant; and T = absolute temperature.
Light scattering by these cells can be shown to be inversely related to cell volume (27) , thus, cell volume changes are easily followed. 256 data points being taken in the I-sec experimental period. The Lp of red cells is determined from the best fit of the integration of the equation above to the experimental volume versus time data taken by a computer from a stopped flow light scattering spectrophotometer subsequent to mixing of a red cell suspension with a hypertonic solution of NaCI.
We report here osmotic water permeability measurements per- 
RESULTS
As is seen in Table 1 , the mean hydraulic conductivity for the patients of 1.23 + 0.13 x lo-'' cml'/dyne sec is significantly less ( P < 0.001) than that of normal individuals having permeability of 1.47 x lo-'' + 0.1 1 cm:'/dyne sec. Although the apparent osmotic water permeability of erythrocytes is effected by perturbation of membrane area, the best data available (9) and our own observations suggest there is no such abnormality in cystic fibrotic red cells. We must consequently conclude that the rate of osmotic water movement across the erythrocyte membrane in individuals with cystic fibrosis is lower than normal individuals. ~u i h e r analysis of the red cell membrane Lp values for cystic fibrosis patients was carried out in an attempt to correlate the water permeability of patient erythrocytes with clinical expressions of the disease. This analysis showed that the Lp of cystic fibrosis patient red cells correlates well ( r = 0.76) with the Shwachman score which is a semiquantitative expression of the clinical severity of the disease (29) . As can be seen in Figure 1 , patients who are in the poorest clinical condition as denoted by low Shwachman scores also show the lowest hydraulic conductivities. On the other hand, the patients least affected by the disease (high Shwachman scores) also have the most normal red cell water permeabilities compared to control individuals.
DISCUSSION
Although decreased erythrocyte permeability to water has not yet been shown to bear directly on the expression of cystic fibrosis, it may reflect a generalized membrane water permeability decrease which will be seen in other cells of the body. Especially important are epithelial cells which are intimately involved in the production and modification of elandular secretions. (20) showed that the cervical mucoid secretion in patients with cystic fibrosis has only one-fourth to one-third the usual amount of water and fails to show the usual increase in water content at midcycle. Because the perturbations in these secretions can be explained by decreased water content alone, it may be that the decreased penetrability of the epithelial cell membranes to water leads to the production of a more concentrated secretion. Hence. it is possible that all cells in cystic fibrosis patients possess a decreased water permeability, and the decreased water permeability of the red cell membrane is an expression of that generalized defect.
Several possible explanations for this observed functional defect must currently be considered. First, it may be that the decreased water permeability of red cells is an acquired defect due to the compromised nutritional state of the patient. A number of investigators have confirmed a decrease in the amount of certain essential fatty acids in the tissues and serum (3, 21, 26, 30) of patients with the disease. Thus, it is possible that the decrease in these unsaturated fatty acids which tend to "fluidize" cell membranes may lead to a more "solid" and less permeable cell membrane.
However, although the Lp of pure lipid membranes has been shown to be dependent on lipid composition (12) , membrane lipid manipulations designed to change red cell fluidity have not resulted in changes of cellular membrane water permeability (28) .
It may also be relevant that Chase and Dupont (4) have recently reported that although linoleic acid, the precursor of prostaglandin, is decreased in the red cells and plasma of cystic fibrosis patients, the production of prostaglandin F-2a is increased in these individuals. This potent vasconstrictor may play a role in decreasing the permeability of the red cell membrane in this disease. Further studies must be conducted to test this possibility. even though there have been no previous reports of such an action for any of the prostaglandins.
Finally, it may be that the decreased water permeability of red cells is the result of a defect in a particular membrane protein associated with water transport. Recent studies by several investigators (2, 6. 22) . have suggested that a particular class or protein found to span the red cell membrane is responsible for osmotic water permeability.
Indeed, a recent study by our laboratory has strongly suggested that the decreased water permeability seen in red cells of the McLeod phenotype (14) is associated with an abnormality in a membrane protein (15) . If such an abnormality exists in the cells of individuals with cystic fibrosis, the end result could be a decreased water content of secretions which would result in a thickened and concentrated secretory product. Consequently, the decreased water permeability of cells would play an important role in the expression of cystic fibrosis.
Our current efforts are aimed at elucidating the molecular perturbations which lead to the observations we report here. Clearly, they open the door to new and potentially useful avenues of research into the molecular pathology of cystic fibrosis.
